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Estrogen-receptor alpha (ERa) neurons in the ven-
trolateral region of the ventromedial hypothalamus
(VMHVL) control an array of sex-specific responses
to maximize reproductive success. In females,
these VMHVL neurons are believed to coordinate
metabolism and reproduction. However, it remains
unknown whether specific neuronal populations
control distinct components of this physiological
repertoire. Here, we identify a subset of ERa VMHVL
neurons that promotes hormone-dependent female
locomotion. Activating Nkx2-1-expressing VMHVL
neurons via pharmacogenetics elicits a female-spe-
cific burst of spontaneousmovement, which requires
ERa and Tac1 signaling. Disrupting the development
of Nkx2-1+ VMHVL neurons results in female-specific
obesity, inactivity, and loss of VMHVL neurons co-
expressing ERa and Tac1. Unexpectedly, two re-
sponses controlled by ERa+ neurons, fertility and
brown adipose tissue thermogenesis, are unaf-
fected. We conclude that a dedicated subset of
VMHVL neurons marked by ERa, NKX2-1, and Tac1
regulates estrogen-dependent fluctuations in phys-
ical activity and constitutes one of several neuroen-
docrine modules that drive sex-specific responses.INTRODUCTION
Investment in reproduction is vastly different between female
and male mammals. In females, the tradeoff between energy
storage versus energy usage during pregnancy/lactation dra-
matically affects reproductive outcomes. The integration of
reproduction and metabolism in females is mediated in large
part by the actions of ovarian hormones in the brain. Indeed, es-62 Cell Reports 10, 62–74, January 6, 2015 ª2015 The Authorstrogen-responsive neurons in the hypothalamus are believed to
regulate sexual receptivity, fertility, food intake, and two com-
ponents of energy expenditure: thermogenesis and physical
activity in females (Musatov et al., 2006, 2007; Xu et al., 2011).
Dissecting the neuronal populations and hormonal pathways
that drive these distinct physiological responses is critical for un-
derstanding how reproduction and metabolism are integrated to
maximize reproductive and metabolic fitness.
The ventrolateral region of the female ventromedial hypotha-
lamic nucleus (VMHVL) regulates fertility, sexual receptivity, and
energy expenditure, as shown by electrolytic and genetic lesions
(King and Frohman, 1985; Pfaff and Sakuma, 1979; Yang et al.,
2013). The VMHVL develops from the steroidogenic factor 1
(SF-1;Nr5a1) lineage but does not express SF-1 by birth (Cheung
et al., 2013). Eliminating SF-1 in the brain disrupts the normal or-
ganization of the VMH, including the VMHVL, and leads to female
but not male infertility (Kim et al., 2010). Within the VMH, it is the
VMHVL that exhibits marked sex differences with respect to size
(Do¨rner and Staudt, 1969; Madeira et al., 2001), synaptic organi-
zation (Griffin and Flanagan-Cato, 2009; Larriva-Sahd et al.,
1995), and hormone responsiveness (MacLusky and McEwen,
1980; Pfaff and Keiner, 1973). Estrogen receptor alpha (ERa) is
highly enriched in the adult female VMHVL with much lower
expression detected in adult male VMHVL (Koch, 1990). Of note,
expression of the other two known estrogen receptors, estrogen
receptor beta (ERb; Zuloaga et al., 2014) and G protein-coupled
estrogen receptor 1 (GPER; GPR30; Brailoiu et al., 2007), is
sparse or undetectable in the adult VMHVL. In the rodent VMH,
ERa plays an important role in female reproduction and sexual
receptivity as evidenced in the global (Lubahn et al., 1993) and
conditional knockouts (Xu et al., 2011), as well as in small hairpin
RNA (shRNA) knockdown (Musatov et al., 2006) studies.
Estrogen signaling via ERa in the VMHVL is also critical for en-
ergy balance. shRNA knockdown of ERa in the VMH increases
food intake and decreases diet-induced thermogenesis and
physical activity, resulting in obesity (Musatov et al., 2007). Con-
ditional knockout of ERa in the VMH using Sf1Cre also lowers
brown adipose tissue (BAT) thermogenesis in female mice and
yields a mild transient weight gain in females due to increased
size of gonadal fat pads (Xu et al., 2011). Although these studies
are the best to date in dissecting the role of ERa in the VMH, re-
sults obtained from Esr1f/f/Sf1Cre females are confounded by
the loss of ERa in peripheral endocrine organs, including the
ovary.
Despite the clear importance of the VMHVL in female physi-
ology, it remains unclear whether shared or distinct estrogen-
responsive neurons regulate reproduction and energy balance.
Here, using complementary gain- and loss-of-function strate-
gies, we asked if fertility and two different metabolic responses,
BAT thermogenesis and locomotion, are regulated by identical
or different VMHVL neurons. To do this, the enriched expression
of the NK2 homeobox transcription factor 1 (Nkx2-1; Ttf1; Kur-
rasch et al., 2007; Tran et al., 2003) in the VMHVL was leveraged
to activate these neurons using pharmacogenetics. Conversely,
conditional knockout of Nkx2-1 was used to disrupt normal
development of VMHVL neurons. Together, these two appro-
aches show that a subset of VMHVL neurons promotes sponta-
neous physical activity in female but not male mice, without
affecting reproduction. This locomotor response is sex hormone
dependent and requires intact estrogen signaling via ERa as well
as the neuropeptide-encoding gene tachykinin 1 (Tac1). Our
data imply that females utilize separate hormone-responsive
modules in the VMHVL to optimize and coordinate reproduction
and metabolism.
RESULTS
Activating Nkx2-1 VMHVL Neurons Increases Activity
in Females
The postnatal VMHVL is a neuronal cluster that is marked by ERa
and NKX2-1 (Figure 1A). By embryonic day (E) 11.5, VMH pro-
genitors including those that will populate the VMHVL express
NKX2-1 as well as SF-1 (Figures 1B and 1C). Prior to birth, the
VMHVL no longer expresses SF-1 and becomes a molecularly
distinct VMH subregion (Cheung et al., 2013), as evidenced
here by the complementary expression of SF-1 and NKX2-1 at
postnatal day (P) 0 (Figure 1D). The enriched expression of
NKX2-1 in the VMHVL (Figure S1) permitted us to examine sex-
specific metabolic responses associated with VMHVL neurons.
NKX2-1 neurons in the VMHVL were artificially activated using
designer receptors exclusively activated by designer drugs
(DREADDs) in Nkx2-1Cre mice. Stereotaxic delivery of the Cre-
dependent AAV-hM3Dq-mCherry DREADD was confirmed by
mCherry expression in the VMHVL ofNkx2-1Cremale and female
mice (Figures 1E and 1F). Little or no mCherry expression was
observed in the VMHVL of virus-injected adult Sf1Cre female
mice (Figure 1E), consistent with the idea that most VMHVL neu-
rons express SF-1 only during early development. mCherry was
not detected in wild-type mice (Figures 1F and S2A).
Activating Nkx2-1+ VMHVL neurons using DREADDs elicits
marked sex differences in movement (Figure 1G). Specifically,
administering the synthetic ligand clozapine-N4-oxide (CNO)
during the inactive light phase elicits rapid and sustained in-
creases in total, ambulatory, and vertical movements only in
Nkx2-1Cre females (Figures 1G and S3; Movie S1). On average,
CNO-induced responses persist for 2 hr, reaching a maximalresponse within the first hour postinjection. CNO injections to
Nkx2-1Cre females also increase oxygen consumption (VO2)
and heat generation (Figures 1G and S3). Notably, CNO given
24 or 48 hr apart is equally effective at increasing locomotion
(Figure S2D). In striking contrast, Nkx2-1Cre males, Sf1Cre
females, and wild-type mice failed to exhibit significant
DREADD-induced changes in all aspects of movement (Figures
1G and S3). However, CNO elicits a modest VO2 increase in
Nkx2-1Cre males, which could be attributed to small, insignifi-
cant increases in male movement and heat generation (Figures
1G and S3). CNO also failed to elicit an increase in food intake
in either sex (Figure S3) in contrast to hyperphagia observed after
DREADD activation of Agouti-related protein (Agrp)-expressing
neurons in the arcuate nucleus (ARC; Krashes et al., 2011).
Expression of cFOS confirmed VMHVL neuron activation by
CNO in both Nkx2-1Cre males and females (Figure 2A). Further,
whereas a correlation between the magnitude of the response
and the intensity or spread of DREADD expression might be ex-
pected (Lee et al., 2014; Silva et al., 2013), this is not the case in
our study; CNO-induced activity is observed in females with uni-
lateral or modest mCherry expression in the VMHVL (Figures S2A
and S2C). We also found that DREADD activation ofNkx2-1 neu-
rons in the lateral hypothalamus, which has been linked to activ-
ity and wakefulness (Sasaki et al., 2011), does not significantly
affect oxygen consumption or total movement (refer to Figures
S7C and S7D). Taken together, these data establish that acti-
vating Nkx2-1 neurons in the VMHVL drives spontaneous move-
ment primarily in females (Figure 2B).
Developmental Nkx2-1 Ablation Results in
Female-Specific Obesity due to Decreased Activity
To ask how disrupting the development of the VMHVL might
impact reproduction and metabolism in females, the Sf1Cre
driver was used to conditionally knock out Nkx2-1 in the VMH
(Figure 3A). This VMH-specific driver will eliminateNkx2-1 during
development beginning at E9. SF-1 expression in the VMH be-
gins at the onset of neurogenesis and overlaps with NKX2-1 at
E13.5, particularly in the periventricular layer (Figure 1B). In P0
Nkx2-1f/f/Sf1Cre mice, NKX2-1 expression is extinguished in
the VMHVL region but continues to be expressed in the ventricu-
lar zone, the ARC, and the dorsal medial hypothalamus (DMH)
(Figure 3A). Further, NKX2-1 is deleted only in the VMH, consis-
tent with the nonoverlapping expression patterns of NKX2-1 and
SF-1 outside of the VMH (Figures S4A and S4B). The VMH of
Nkx2-1f/f/Sf1Cre mice appears grossly normal at E13.5, as
judged by the expression of numerous well-defined, VMH-
enriched markers (Figure 3B; Kurrasch et al., 2007). These find-
ings suggest that ablating Nkx2-1 in postmitotic VMH neurons
after E10.5 (Cheung et al., 2013) does not disrupt the overall
patterning of the VMH.
Beginning at 8 weeks of age, Nkx2-1f/f/Sf1Cre females are
significantly heavier than their Nkx2-1f/f littermates (Figures 4A
and 4B). This metabolic phenotype reflects the VMH-specific
loss of Nkx2-1 (Figure S4A) and persists throughout adulthood.
Unlikemanymousemodels of obesity, this body weight increase
is observed when fed a breeder chow diet (21.6% kcal from fat).
In contrast, Nkx2-1f/f/Sf1Cremale mice do not show a measure-
able body weight phenotype (Figure 4B) and only show amodestCell Reports 10, 62–74, January 6, 2015 ª2015 The Authors 63
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Figure 1. Activating Nkx2-1 Neurons Increases Movement in Female, but Not Male, Mice
(A) Schematic of the postnatal medial basal hypothalamus (coronal view; sagittal view in inset; modified from Allen Brain Atlas). SF-1+ neurons are found in the
dorsomedial and central VMH subregions (gray). NKX2-1+ (red) and ERa+ (green) neurons are confined to the VMHVL.
(B) SF-1 (green) and NKX2-1 (red) immunoreactivity in coronal sections from E11.5 or E13.5 (Nkx2-1f/f or Nkx2-1f/+/Sf1Cre) mice.
(C) NKX2-1 (red) and Cre-dependent bGAL (green) expression in P0 Sf1Cre-expressing mice.
(D) NKX2-1 (red) and GFP (green) immunoreactivity in P0 Sf1:TauGFP reporter mice.
(E) mCherry signal (no antibody, red) and NKX2-1 (green) in Nkx2-1Cre and Sf1Cre female VMHVL.
(F) NKX2-1 immunoreactivity (white) shown for reference and mCherry signal (dsRed immunoreactivity, red) in coronal sections from a wild-type (WT) female,
Nkx2-1Cre female, and Nkx2-1Cre male mice. VMH and VMHVL outlined in dashed lines; 3V, third ventricle; ARC, arcuate nucleus; DMH, dorsomedial hypo-
thalamus; scale bars represent 100 mM.
(G) Metabolic chamber analysis of adultNkx2-1Cre females (n = 8),Nkx2-1Cremales (n = 7), and Sf1Cre females (n = 3). Average (±SE) oxygen consumption (VO2)
normalized to grams leanmass and total movement (total beam breaks; x axis) shown 1 hr prior to and 4 hr following i.p. injection (arrow) of saline (black circles) or
CNO (red squares). Responses to CNO also shown for wild-type female (n = 5) and male (n = 3) littermates (blue triangles).
Holm-Sidak multiple comparison tests were used for pairwise comparisons following significant effect of CNO by two-way repeated-measures ANOVA (effect of
time not shown; effect of CNO in wild-type mice not significant [NS]). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figures S1 and S2.weight gain, exceeding that of control littermates beginning at
4weeks of high-fat diet (HFD) (60%kcal fat) feeding (Figure S4C).
Nkx2-1f/f/Sf1Cre females are heavier because of increased fat
(10 g) and lean (5 g) mass with no changes in body length
or skeletal composition observed (Figures 4C, 4D, and S4E).
Accordingly, all white adipose depots (Figures 4E, 4F, and
S4E) and plasma leptin concentration (Figure 4E) are significantly
greater in Nkx2-1f/f/Sf1Cre females. However, no changes in
BAT depot weight or thermogenic gene expression are detected
in Nkx2-1f/f/Sf1Cre females (Figures 4E–4G), demonstrating that64 Cell Reports 10, 62–74, January 6, 2015 ª2015 The AuthorsBAT thermogenesis is normal in these obese female mice. The
metabolic phenotype in Nkx2-1f/f/Sf1Cre females is also unex-
pectedly uncoupled from reproduction. Indeed, litter size, days
between litters, plasma estradiol concentration, and ovarian his-
tology are unaltered in Nkx2-1f/f/Sf1Cre females (Figure 4H).
Despite the established role of the VMHVL in promoting social be-
haviors (Lee et al., 2014; Lin et al., 2011; Silva et al., 2013; Yang
et al., 2013), we find that Nkx2-1f/f/Sf1Cre males exhibit wild-
type levels of aggression in resident-intruder trials (Figure S5A)
and Nkx2-1f/f/Sf1Cre mice of both sexes exhibit normal levels
Figure 2. Responses to CNO Are Greater in
Nkx2-1CreMice than Wild-Type and Sf1Cre
Controls
(A) cFOS immunoreactivity in the VMHVL of Nkx2-
1Cre female, Nkx2-1Cre male, and wild-type fe-
male mice 70–75 min after CNO injection. Average
(±SE) cFOS+ cell numbers in one VMHVL from
Nkx2-1Cre females (n = 8) and wild-type females
(n = 5) analyzed 15–100 min after CNO injection,
difference significant by two-tailed t test, and
by Mann-Whitney U test, scale bar represents
100 mm.
(B) Average (±SE) oxygen consumption normal-
ized to lean mass and cumulative total movement,
ambulatory movement, and food intake per animal
(24–148 min; 1.5 hr) after saline (black) and CNO
(gray) in wild-type females (n = 5), Nkx2-1Cre fe-
males (n = 8), wild-type males (n = 3), and Nkx2-
1Cre males (n = 7). Fold changes comparing the
effects of CNO (Nkx2-1Cre [CNO/saline]/WT
[CNO/saline]) are shown for significant pairwise
comparisons.
Pairwise comparisons of wild-type and Nkx2-1Cre
mice treated with CNO were performed using
Holm-Sidak multiple comparison tests following
significant effects of genotype in a two-way
ANOVA (p < 0.05 for all comparisons shown
except food intake); *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. See also Figure S3.of anxiety in an open field (Figures S5B and S5D). Thus, the loss
ofNkx2-1 in the VMHVL appears to selectively disrupt energy ho-
meostasis in females.
To further define the underlying cause of the obesity pheno-
type of Nkx2-1f/f/Sf1Cre females, energy intake and expenditure
were assessed. Food intake is unchanged in singly housed
Nkx2-1f/f/Sf1Cre females when compared to their weight-
matched wild-type littermates (Figure 5A). However, VO2, heat
generated, and physical activity are all significantly lower in
22-week-oldNkx2-1f/f/Sf1Cre females (Figures 5B and 5C). Spe-
cifically, Nkx2-1f/f/Sf1Cre females exhibit lower VO2 (ml/hr) for a
given lean mass and lower heat generation (kcal/hr) for a given
total body mass during the light and dark phases (Figure 5B).
This apparent decrease in energy expenditure is associated
with less movement in Nkx2-1f/f/Sf1Cre females during the light
and dark cycles (Figure 5C). Nkx2-1f/f/Sf1Cre females also
exhibit lower running wheel activity at 7 weeks of age, beforeCell Reports 10, 62–any significant weight gain (Figure 5D).
Taken together, these data indicate that
Nkx2-1 ablation in the VMH leads to
decreased locomotion and consequent
obesity in females, while leaving BAT
thermogenesis intact.
Obese Nkx2-1f/f/Sf1Cre Females
Have Fewer Estrogen-Responsive
Tac1 VMHVL Neurons
Next, we asked if estrogen signaling is
altered in the VMHVL of Nkx2-1
f/f/Sf1Cre
females. ERa and NKX2-1 are coex-pressed in a subset of VMHVL neurons (Figures 6A and 6B). In
Nkx2-1f/f/Sf1Cre females, the number of ERa-positive VMHVL
neurons is reduced by 26% (Figures 6A and 6B), consistent
with a reduction in Esr1 transcripts (Figures 6D and 6F). Similarly,
we observe 25% fewer VMHVL neurons, as judged by Sf1Cre
lineage tracing (Figure 6C). Moreover, bromodeoxyuridine
(BrdU) birth-dating studies show that the total number of VMHVL
neurons born at E11.5 (Ishii and Bouret, 2012; Tran et al., 2003) is
26% lower (Figures S6A and S6B). Cell death is not a significant
contributing factor in reducing VMHVL neuron number, as no
activated Caspase-3 is detected at E11.5, E13.5, E15.5, or
E17.5 in the Nkx2-1f/f/Sf1Cre female VMH (data not shown).
Taken together, these data imply that a subset of ERa-express-
ing VMHVL neurons fail to be born during development, resulting
in a smaller VMHVL. Thus, the VMH of Nkx2-1
f/f/Sf1Cre mice is
grossly normal but missing approximately 25% of ERa-express-
ing VMHVL neurons.74, January 6, 2015 ª2015 The Authors 65
Figure 3. Nkx2-1 Ablation in Nkx2-1f/f/Sf1CreMice Is Specific to the
VMH, but Marker Gene Expression Is Largely Normal
(A) NKX2-1 immunoreactivity is absent in the VMH of E13.5 or P0 Nkx2-1f/f/
Sf1Cre mice but unchanged in the periventricular area and adjacent nuclei;
scale bars represent 500 mm.
(B) RNA in situ hybridization analysis of VMH marker expression in E13.5
Nkx2-1f/f and Nkx2-1f/f/Sf1Cre mice. Coronal sections show expression of
Sf1, FEZ family zinc finger 1 (Fezf1), vestigial-like 1 homolog (VglI1), Nk2
66 Cell Reports 10, 62–74, January 6, 2015 ª2015 The AuthorsTranscriptional profiling was used to further define the identity
of the neurons that are absent in the VMHVL of Nkx2-1
f/f/Sf1Cre
females. Consistent with our histological studies, only a few tran-
scripts were altered in the Nkx2-1f/f/Sf1Cre female VMH,
including tachykinin 1 (Tac1), galanin (Gal), and neuromedin U
(Nmu) (Figure 6D). Similar to Esr1, Tac1 also is enriched in the fe-
male VMHVL and colocalizes with ERa (Figures 6E and 6F), as
shown previously in rats (Dornan et al., 1990). Based on overlap-
ping expression patterns, ERa, Tac1, and NKX2-1 appear to
mark a subpopulation of VMHVL neurons that is ablated in
Nkx2-1f/f/Sf1Cre females. Reduced Tac1 and ERa in Nkx2-1f/f/
Sf1Cre females are accompanied by the presence of scattered
VMHVL neurons expressing Gal and Gad67 (Figure S5F). Both
of these transcripts mark inhibitory neurons, which are normally
excluded from the VMH (Dellovade et al., 2000). Increased
ectopic expression of Gal and Gad67 is accompanied by an in-
crease in non-SF-1 lineage, NeuN-positive neurons in the VMHVL
(Figure S6C). This observation is consistent with the notion that
the VMHVL in Nkx2-1
f/f/Sf1Cre females is infiltrated by neurons
from surrounding regions, rather than the switching of cell fates.
Similar to females, the VMHVL of Nkx2-1
f/f/Sf1Cre males is
smaller by neuron number and also exhibits ectopic expression
of Gal and Gad67 (Figures S5C and S5F), suggesting that
increased inhibitory tone cannot explain the female-specific
inactivity and obesity phenotype.
Taken together, these data imply that a subpopulation of
NKX2-1+ VMHVL neurons coexpressing ERa and Tac1 is en-
riched in females compared to males and is largely absent in
Nkx2-1f/f/Sf1Cre females (Figure 6F). This is in sharp contrast
to eliminating ERa using Sf1Cre (Esr1f/f/Sf1Cre), which results
in normal Nkx2-1, Tac1, and Gal expression (Figures S6D and
S6E), and importantly normal VMHVL neuron number (Xu et al.,
2011). Thus, we posit that the pronounced metabolic deficits ex-
hibited by Nkx2-1f/f/Sf1Cre females arise not only from reduced
ERa signaling but also the developmental loss of a subset of
sexually dimorphic VMHVL neurons that express ERa, Tac1,
and NKX2-1.
Physical Activity Is Modulated by ERa and Tac1
To test whether Tac1 and ERa-mediated estrogen signaling
modulates female activity, we activated Nkx2-1 neurons using
Cre-dependent hM3Dq DREADDs in four different mouse
models: (1) sham-operated-Nkx2-1Cre; (2) OVX-Nkx2-1Cre; (3)
Esr1f/f/Nkx2-1Cre; and (4) Tac1//Nkx2-1Cre mice. In Esr1f/f/
Nkx2-1Cre mice, ERa is eliminated throughout the mediobasal
hypothalamus (Figure 7A), and in Tac1//Nkx2-1Cre mice,
Tac1 is eliminated globally (Figure 7B). For these two genetic
mouse models, we note that ERa and Tac1 are eliminated inde-
pendently. Targeting of DREADDs to the VMHVL was confirmed
bymCherry (Figure S7A) and activation by CNO verified by cFOS
(Figures 7D and 7E). Of these four experimental conditions,
sham-operated Nkx2-1Cre females showed the most robust
locomotion responses to CNO, whereas significant but blunted
responses were observed in Tac1//Nkx2-1Cre femaleshomeobox 2 (Nkx2-2), and Nk5 homeobox 1 (Nkx5-1) (also H6 homeobox 3
[Hmx3]).
See also Figure S4.
(Figures 7C and 7F). Loss of estrogen signaling in OVX or Esr1f/f/
Nkx2-1Cre females significantly reduced DREADD-induced
locomotion (Figure 7F). Similar trends are observed for VO2 (Fig-
ure S7B). Overall, these results indicate that physical activity in
Nkx2-1 VMHVL neurons is modulated by estrogen signaling
and to a lesser extent by Tac1 function.
DISCUSSION
Here, we establish that estrogen-responsive and NKX2-1- and
Tac1-expressing VMHVL neurons are essential for normal phys-
ical activity in females. Activating Nkx2-1+ VMHVL neurons in-
creases physical activity in female but notmalemice; this sex dif-
ference in DREADD-induced locomotion depends on estrogen,
ERa, NKX2-1, and Tac1. Ablating this VMHVL subpopulation in
an Nkx2-1f/f/Sf1Cre mouse model results in a sex-specific
decrease in spontaneous physical activity without affecting
BAT thermogenesis or fertility. Thus, whereas different facets
of reproduction and metabolism are tightly coupled and phased
to fluctuating ovarian hormone levels (Brobeck et al., 1947; Slo-
naker, 1925), results reported here clearly dissociate the meta-
bolic and reproductive roles of ERa signaling in the female
VMHVL. Taken together, these studies imply that ERa
+ neurons
can be divided into functionally distinct subpopulations that
independently regulate the sex-specific behavioral and physio-
logical functions ascribed to the VMHVL.
Partitioning ERa VMHVL Neurons into Functionally
Distinct Subpopulations
Genetic manipulations affecting the development and hormone-
signaling pathways of the VMHVL are beginning to reveal the
functional and molecular complexity of this VMH subregion.
Whereas NKX2-1 is required for patterning the rostroventral hy-
pothalamus (Kimura et al., 1996; Marı´n et al., 2002; Shimamura
and Rubenstein, 1997), ablation of Nkx2-1 using Sf1Cre occurs
late enough in development to leave the VMH largely intact; a
similar result is observed when Nkx2-1 is ablated in differenti-
ated neurons using SynapsinCre (Mastronardi et al., 2006).
Importantly, in the Nkx2-1f/f/Sf1Cre mouse model, Nkx2-1 re-
mains intact both in other hypothalamic nuclei and in peripheral
endocrine tissues. Consistent with earlier developmental
studies of the VMH (Ishii and Bouret, 2012; Tran et al., 2003),
our BrdU birth-dating analyses indicate that the earliest-born
neurons to populate and migrate to the VMHVL fail to be born
in embryonic Nkx2-1f/f/Sf1Cre females. As a consequence, in
adult females, estrogen signaling and other potential neuromo-
dulators (Tac1) are diminished, leading to obesity.
The striking phenotypic differences in reproduction and
metabolism observed between Nkx2-1f/f/Sf1Cre and Esr1f/f/
Sf1Cre mouse models are instructive for dissecting out the
complex and coordinated metabolic and reproductive func-
tions of the VMHVL in females. In both models, the same
Sf1Cre driver was used to target two functionally distinct
VMHVL markers; NKX2-1 acts primarily as a developmental
regulator, whereas ERa mediates estrogen signaling. Losing
a subset of ERa neurons in Nkx2-1f/f/Sf1Cre females results
in inactivity and obesity whereas fertility and BAT thermogen-
esis are left intact. By contrast, in Esr1f/f/Sf1Cre females,ablating nearly all ERa in the VMHVL without neuronal loss
significantly impairs BAT thermogenesis and fertility with a
modest and transient increase in body weight (Xu et al.,
2011). It is possible that BAT thermogenesis (and fertility) is
maintained in Nkx2-1f/f/Sf1Cre, but not in Esr1f/f/Sf1Cre, fe-
males because of sufficient estrogen signaling, consistent
with the hypothalamic actions of estrogen on BAT thermogen-
esis (Martı´nez de Morentin et al., 2014). On the other hand,
physical activity is reduced in Nkx2-1f/f/Sf1Cre, but not
Esr1f/f/Sf1Cre, females. We attribute this phenotype in Nkx2-
1f/f/Sf1Cre females to the developmental loss of a subset
of ERa+ VMHVL neurons rather than simply reflecting changes
in the levels of ERa. Taken together, these data also suggest
that distinct subpopulations of estrogen-responsive neu-
rons in the VMHVL parse out the array of physiological and
behavioral responses associated with this hypothalamic
subregion.
For this subset of ERa+, Tac1+ VMHVL neurons, it will be impor-
tant to define which neuromodulators and what projections drive
spontaneous activity in females. In this regard, neuropeptide
signaling encoded by Tac1 is likely to participate in the modula-
tion of female-specific movement. Indeed, Tac1 is enriched in
the female VMHVL, as previously reported for rats (Dornan
et al., 1990); is lower inNkx2-1f/f/Sf1Cre, but not inEsr1f/f/Sf1Cre,
females; and is required for the full increase in DREADD-induced
locomotion. Global knockouts of Tac1 or the SP receptor (NK-1)
exhibit improved glucose homeostasis (Karagiannides et al.,
2011a) and resistance to diet-induced obesity (Karagiannides
et al., 2011b); unfortunately, both studies only report data from
malemice. ERa+, Tac1+ VMHneuronsmay project tomedial pre-
optic area neurons, which have been linked to estrogen-induced
running in rats (Fahrbach et al., 1985; Spiteri et al., 2012). Other
VMH projections relevant to locomotion might include those to
the subthalamic (SLR) and mesencephalic locomotor regions
(Cheung et al., 2013), areas that when activated increase
controlled movement in rats (Skinner and Garcia-Rill, 1984) or
when lesioned in humans lead to deficits in locomotion (Hathout
and Bhidayasiri, 2005). Interestingly, pharmacologic activation
of the VMH induces wheel running and neural activity in the
SLR (Narita et al., 2002). Future genetic tracing using reagents
that allow us to precisely map projections from VMHVL neuronal
subpopulations will address how this cluster of neurons controls
locomotion in females.
Sex Differences in Hormone-Dependent Behaviors
Mediated by the VMHVL
Loss- and gain-of-function analyses presented in this study
reveal that regulation of spontaneous movement by NKX2-1
VMHVL neurons is largely sex specific. Male mice fail to show
the same DREADD-induced responses with respect to locomo-
tion but do exhibit a modest increase in oxygen consumption.
Although increased oxygen consumption was not associated
with higher locomotion or heat generation, we cannot exclude
the possibility that VMHVL neurons play aminor role in male loco-
motion. Indeed, pharmacologic activation in the VMHVL induces
running in male rats (Narita et al., 1993). Nkx2-1f/f/Sf1Cre males
exhibit the same loss of ERa, Tac1, and NKX2-1 neurons but
maintain normal body weights on standard chow and a slightlyCell Reports 10, 62–74, January 6, 2015 ª2015 The Authors 67
Figure 4. Nkx2-1 Ablation in the VMH Results in Female-Specific Obesity but Does Not Affect Fertility
(A) Photographs of adult Nkx2-1f/f and Nkx2-1f/f/Sf1Cre female mice.
(B) Body weight curves (average ± SE) from Nkx2-1f/f/Sf1Cre (gray open circles, dashed lines) males and females compared to respective control littermates
(black triangles, solid lines; n = 8–11/group).
(C and D) Average (±SE) body length, lean mass, and fat mass as determined by DEXA for Nkx2-1f/f/Sf1Cre (n = 7) or Nkx2-1f/f (n = 8) females at 22 weeks of age.
(E) Mean (±SE) weights of dissected visceral, subcutaneous, and BAT fat depots standardized to total body weight fromNkx2-1f/f/Sf1Cre (n = 5) orNkx2-1f/f (n = 6)
females at 22 weeks of age. Plasma leptin (ng/ml) from females analyzed during estrus (n = 2/group).
(F) Representative images of hematoxylin and eosin staining of gonadal white adipose tissue (gWAT) and BAT in 30-week-oldNkx2-1f/f/Sf1Cre (n = 3) or Nkx2-1f/f
(n = 2) females.
(legend continued on next page)
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Figure 5. Obese Nkx2-1 Mutant Females Exhibit Reduced Physical Activity
(A) Daily (24 hr) food intake for 8- to 22-week-old singly housed Nkx2-1f/f/Sf1Cre (n = 7) or Nkx2-1f/f female mice (n = 9) over 6 days after 7 days of acclimation,
shown relative to total body mass. Food spillage was accounted for in food weight measurements.
(B) VO2 (ml/hr) and heat (kcal/hr) per mouse in the light phase (12 hr, left panels) or dark phase (12 hr, right panels) for 22-week-old singly housedNkx2-1
f/f/Sf1Cre
(n = 6) orNkx2-1f/f (n = 8) females. Averages (±SE) represent 2 days of acquisition following 2 days of acclimation inmetabolic chambers. Linear relationships were
analyzed by ANCOVA, achieving better fit with lean mass for VO2 and body mass for heat generated.
(C) Average (±SE) total movement and ambulatory movement in 22-week-old Nkx2-1f/f/Sf1Cre (n = 6) or Nkx2-1f/f (n = 8) mice.
(D) Average (±SE) wheel running in 7-week-old Nkx2-1f/f/Sf1Cre (n = 3) or Nkx2-1f/f (n = 5) mice over 2 days of acquisition following 9 days of acclimation.
Pairwise comparisons performed with Holm-Sidak multiple comparison tests; *p < 0.05; **p < 0.01; ****p < 0.0001.elevated body weight when fed a HFD. These data indicate that
ERa, Tac1, and NKX2-1 VMHVL neurons function primarily in fe-
males and play only a minor role in male energy expenditure.
Whether female-enriched expression of ERa and Tac1 is suffi-
cient to drive sex differences in locomotion and body weight re-
mains to be firmly established.
Whereas these VMHVL neurons have a modest effect on en-
ergy balance in males, others have shown that ERa- and proges-
terone-receptor-positive VMHVL neurons are critical for mating
and aggressive behaviors in males (Lee et al., 2014; Lin et al.,
2011; Yang et al., 2013). Even though activating Nkx2-1 neurons
in the VMHVL via DREADDs should increase a wide variety of be-
haviors associated with VMHVL, including male aggression,(G) Average (±SE) transcript expression in BAT from 10-week-old Nkx2-1f/f/Sf1C
(H) Average (±SE) pups per litter produced from mating male and female controls
or Nkx2-1f/f/Sf1Cre males with control females (open bars, n R 14 litters/group
number of corpora lutea per section per ovary (n = 4 mice/group).
See also Figure S5.Nkx2-1f/f/Sf1Cre males exhibit normal aggression, fertility, and
anxiety. This leads us to speculate that regulation of social be-
haviors in male mice must involve a different subset(s) of ERa+
VMHVL neurons distinct from the ERa, Tac1, and NKX2-1 neu-
rons lost in Nkx2-1f/f/Sf1Cre males. We also note that, within
the VMHVL, the DREADD-induced activation of locomotion in
females appears much more sensitive when compared to
DREADD- or channelrhodopsin (ChR)-induced activation of be-
haviors in males (Lee et al., 2014; Silva et al., 2013). Indeed,
increased movement is observed in females even after unilateral
or limited infection of DREADDs into VMHVL neurons. It will be of
interest to determine whether this apparent sex difference in
sensitivity reflects the use of DREADDs versus ChRs or reflectsre or Nkx2-1f/f females (n = 4/group).
(Nkx2-1f/f, black bars), Nkx2-1f/f/Sf1Cre females with control males (gray bars),
). Plasma estradiol during estrus (pg/ml; n = 2/group), ovarian histology, and
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Figure 6. Obesity in Nkx2-1f/f/Sf1Cre Fe-
males Is Associated with Fewer NKX2-1+,
ERa+, and Tac1+ Neurons in the VMHVL
(A) NKX2-1 (red) and ERa (green) immunoreactivity
in the VMH and ARC of P10 Nkx2-1f/f/Sf1Cre and
Nkx2-1f/f mice. Images show coronal brain sec-
tions, VMH, VMHVL, and ARC bordered by dashed
lines; scale bars represent 100 mm.
(B) Quantification of ERa+ nuclei (average ± SE) in
the VMHVL or ARC from P10 Nkx2-1
f/f/Sf1Cre
(green) or Nkx2-1f/f female mice (black; n = 2 mice/
group; three sections/brain). Bottom panel shows
double labeling of NKX2-1 (green) and ERa (red) in
the VMHVL of P110 control females. ERa-negative/
NKX2-1-positive (arrows) and ERa-positive/
NKX2-1-negative nucleus (asterisk).
(C) Quantification of cells derived from the Sf1
lineage (average ± SE) determined for the ventro-
lateral (VMHVL), central (VMHc), and dorsomedial
(VMHdm) subregions of Nkx2-1
f/f/Ai14f/+/Sf1Cre
mutant (red) and Nkx2-1f/+/Ai14f/+/Sf1Cre control
(black) P10 female mice (n = 5 animals/group;
three sections/brain).
(D) Relative expression (average ± SE) by qPCR of
Nkx2-1, Nmu, Tac1, Esr1, and Gal from micro-
dissected VMH of P10 Nkx2-1f/f/Sf1Cre (gray) or
Nkx2-1f/f (black) females (n = 3–6/group).
(E) Double labeling of NKX2-1 immunoreactivity
(green, nuclear) and Tac1 transcripts (red, cyto-
plasmic) analyzed by confocal microscopy in the
VMHVL of P10 wild-type female mice.
(F) Patterns of Esr1 and Tac1 transcripts by ISH in
Nkx2-1f/f/Sf1Cre or Nkx2-1f/f P10 females.
Pairwise comparisons performedwith Holm-Sidak
multiple comparison tests following two-way
ANOVA; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001. See also Figure S6.inherent differences in social (contextual) versus spontaneous
(non-contextual) behaviors.
The ability to blunt DREADD-induced movement by genetic
deletion of ERa, as shown here, establishes that ERa signaling
is the main mediator of hormone-induced movement, as previ-
ously reported for female sexual behavior (Lubahn et al., 1993;
Musatov et al., 2006). Hormone dependency has yet to be shown
for experimentally induced male behaviors, including social fear,
mating, and aggression (Lee et al., 2014; Silva et al., 2013). It is
also unclear how estrogen, whether signaling through genomic
or nonclassical rapidmechanisms (Frank et al., 2014), modulates
DREADD responses. Estrogens via ERamight directly modulate70 Cell Reports 10, 62–74, January 6, 2015 ª2015 The AuthorsGq-mediated signaling, as suggested
previously (Farrell and Roth, 2013; Mer-
melstein, 2009), or alternatively, the loss
of ERa signaling during development
might permanently alter neuronal excit-
ability or circuitry to and from the VMHVL.
Surprisingly, there is little variation in
DREADD responses in cycling females,
suggesting that DREADD-induced loco-
motion is insensitive to normal fluctua-
tions in estrogen. It is only after elimi-nating all gonadal hormones or all ERa signaling that we are
able to detect the impact of estrogen signaling on DREADD-
induced locomotion. Our findings are consistent with little to
no effect of the estrous cycle on locomotion in mice (Kopp
et al., 2006), implying that the influence of the estrous cycle on
physical activity is far stronger in rats than in mice. Nonetheless,
our data demonstrate that the absence of sex hormone signaling
blunts sex-specific DREADD responses, a feature that has yet to
be established for ChRs.
In summary, we identify a subset of VMHVL neurons that
constitute part of a previously undefined sex-specific locomotor
circuit that is used in females to promote hormone-responsive
Figure 7. The Burst of Physical Activity after Activating Nkx2-1 VMHVL Neurons Is Dependent on ERa and Tac1
(A and B) ERa immunoreactivity or Tac1 transcript in situ hybridization in Esr1f/f/Nkx2-1Cre or Tac1/Nkx2-1Cre adult female mice (n = 3 or 4/group). VMHVL and
ARC indicated with dashed lines; scale bars represent 100 mm.
(C) Average (±SE) total movement (total beam breaks; x axis) in sham Nkx2-1Cre (n = 4), OVX Nkx2-1Cre (n = 10), Esr1f/f/Nkx2-1Cre (n = 4), and Tac1//Nkx2-
1Cre (n = 6) female mice 1 hr prior to and 4 hr following saline or CNO injection (arrow) in a randomized balanced design.
(D) cFOS immunoreactivity in sham Nkx2-1Cre, OVX Nkx2-1Cre, Esr1f/f/Nkx2-1Cre, and Tac1//Nkx2-1Cre female mice analyzed 1.5 hr after CNO injection.
(E) Quantification of cFOS+ nuclei (average ± SE) in all subjects 1.5–3 hr after injection; sample sizes as in (C).
(F) Average (±SE) total movement (24–148 min) after saline (black bars) and CNO (colored bars); data from (C) for direct comparison.
Pairwise comparisons performed with Holm-Sidak multiple comparison tests following two-way repeated-measures ANOVA; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. See also Figure S7.movement and maintain metabolic fitness. Increased move-
ment prior to ovulation (high estrogen) in nonprimate mammals
(Brobeck et al., 1947; Kopp et al., 2006; Saint-Dizier and Chast-
ant-Maillard, 2012; Slonaker, 1925) might provide a reproduc-
tive advantage during periods of maximal sexual receptivity,
as previously hypothesized (Morgan and Pfaff, 2002). Hence,
the tight linkage between energy expenditure and fertility may
result from the parallel actions of estrogens on functionally
distinct, estrogen-responsive modules that together maximizefemale reproductive success. Clearly, it now becomes impor-
tant to understand how female VMHVL functional modules
acquire their sex-specific properties and how they interact to
coordinate reproduction and metabolism. Ultimately, the exis-
tence of a similar estrogen-sensitive locomotion module in
women could be relevant for understanding the metabolic
consequences of menopause (Carr, 2003) and disease-associ-
ated ERa polymorphisms (Ghattas et al., 2013; Okura et al.,
2003).Cell Reports 10, 62–74, January 6, 2015 ª2015 The Authors 71
EXPERIMENTAL PROCEDURES
Pharmacogenetics
The Cre-dependent AAV-hM3Dq-mCherry DREADD (UNC Vector Core) was
injected bilaterally into anesthetized (100 mg/kg ketamine and 5 mg/kg xyla-
zine, intraperitoneally [i.p.]) adult mice (9–16 weeks old; coordinates: A-P:
1.56 mm from Bregma; lateral: ±0.85 mm from Bregma; D-V: 5.8 mm
from the skull). Buprenorphine (0.1 mg/kg i.p.) was provided for analgesia
immediately after surgery and as required. After 2 weeks of recovery and
41 hr acclimation in metabolic chambers, mice received three daily i.p. injec-
tions: two CNO (0.3 mg/kg) and one saline 3 hr after the onset of the light
phase. On the first 2 days, saline and CNO were administered in a random-
ized balanced design. On the third day, all subjects received CNO; thus, sub-
jects received CNO injections either 24 hr or 48 hr apart. For OVX mice, OVX
surgery and stereotaxic DREADD injection were performed in the same sur-
gical sitting.
Metabolic Analyses
Comprehensive Laboratory Animal Monitoring Systems (CLAMS) measured
O2 consumption, CO2 exhalation, total movement (total beam breaks; X and
Y axes), ambulatory movement (adjacent beam breaks; X and Y axes), and
rearing (total beam breaks; Z axis) at 14 min intervals. Food intake was deter-
mined via CLAMS for DREADDs studies or in singly housed mice for Nkx2-1f/f/
Sf1Cre studies, carefully accounting for spillage. Mice were housed in CLAMS
for 96 hr; however, the first 24–48 hr (acclimation) were not included in the an-
alyses. For DREADDs experiments, VO2 measurements were standardized to
leanmass. However, because eachmouse served as its own control, the stan-
dardization does not affect the results. For Nkx2-1f/f/Sf1Cre studies, analysis
of covariance (ANCOVA) was used to compare raw values for VO2, heat gener-
ated, and food intake between control and mutant mice. EchoMRI and dual
X-ray absorptiometry (DEXA) were used tomeasure body composition. Except
for OVX studies, all CLAMS analyses in females were performed in intact,
cycling animals.
Expression Profiling
Total RNA from microdissected VMH was isolated using the PureLink RNA kit
(Invitrogen) and analyzed in quadruplicate using Mouse Ref8 v2.0 array chips
(Illumina). P10 pupswere used to avoid any effects of the estrous cycle on tran-
script abundance. Microarray data were normalized using quantile normaliza-
tion, differential expression analysis was performed as previously described
(Coppola, 2011), and significance threshold was set at p < 0.005. For quanti-
tative PCR (qPCR), RNA was DNase-treated, reverse transcribed with Super-
Script III (Invitrogen), and amplified in triplicate using PerfeCta SYBR Green
SuperMix (Quanta Biosciences). Cryosections (20 mm) for immunohistochem-
istry and RNA in situ hybridization (ISH) were collected from brains fixed in 4%
paraformaldehyde. Digoxigenin-labeled riboprobes were transcribed from
published plasmids except for Nmu (FL cDNA from Open Biosystems) and
Gal for which cDNA (bases 34–614) was cloned into pCRII-TOPO (Invitrogen).
See Supplemental Experimental Procedures for mouse strains, histology,
primer sequences, hormone measurements, and statistical analyses.
ACCESSION NUMBERS
Raw and normalized data were deposited in Gene Expression Omnibus
(GSE63656).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one movie and can be found with this article online at
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